Abstract. Whereas it is acknowledged that the C:N:P stoichiometry of consumers and their resources affects both the structure and the function of food webs, and eventually influences broad-scale processes such as global carbon cycles, the mechanistic basis for the variation in stoichiometry has not yet been fully explored. Empirical evidence shows that the specific growth rate is positively related to RNA concentration both between and within taxa in both unicellular and multicellular organisms. Since RNA is rich in P and constitutes a substantial part of the total P in organisms, a high growth rate is also connected with a high P content. We argue that the reason for this pattern is that the growth of all biota is closely linked with their protein synthesis rate, and thus with the concentration of ribosomal RNA. Dynamic energy budget theory supports the positive relationship between RNA and specific growth rate in microorganisms, whereas the predictions concerning multicellulars only partially agrees with the observed pattern. In a simple model of consumer growth, we explore the consequences of various allocation patterns of RNA, protein, carbohydrates/lipids, and other biochemical constituents on organism potential growth rate and C:N:P stoichiometry. According to the model the percentage of N and especially percentage of P per dry mass increases with increasing specific growth rate. Furthermore, the model suggests that macromolecule allocation patterns and thus N:P stoichiometry are allowed to differ substantially at low growth rates whereas the stoichiometry at high growth rates is much more constricted at low N:P. The model fits empirical data reasonably well, but it is also acknowledged that complex life cycles and associated physiological constraints may result in other patterns. We also use a similar approach of modeling organism growth from basic biochemical principles to illustrate fundamental connections among biochemical allocation and C:N stoichiometry in autotroph production, which is based on allocation patterns between carbohydrates and rubisco. Similar to the RNA-protein model, macromolecular composition and C:N ratios are more constrained at high than at low growth rates. The models and the empirical data together suggest that organism growth is tightly linked with the organisms' biochemical and elemental composition. The stoichiometry of growth impinges on nutrient cycles and carbon fluxes at the ecosystem level. Thus, focus on the biological basis of organism C:N:P stoichiometry can mechanistically connect growth strategy and biochemical and cellular mechanisms of biota to major ecological consequences.
INTRODUCTION
It is now well established that stoichiometric constraints are important in regulating organism growth and nutrient cycling in terrestrial as well as in aquatic food webs (Sterner and Elser 2002) . In particular nitrogen (N) and phosphorus (P) have been considered important in this context because these elements are both structurally and functionally important in all or- ganisms (Sterner 1995 , Elser et al. 1996 , and either N or P (or both) often limit primary production (Schindler 1977 , Elser et al. 1990 , Vitousek and Howarth 1991 , bacterial production , Elser et al. 1995 , K. Vrede et al. 1999 , and consumer growth (Gulati and DeMott 1997 , Elser et al. 2000a , Sterner and Schulz 1998 . Existing data indicate that autotrophs (algae and vascular plants) exhibit a wide variation in C:N:P ratios (Elser et al. 2000a , Nielsen et al. 1996 , Hessen et al. 2004 , and that much of this variation occurs within individual taxa as a response to environmental conditions (physiological plasticity). For example, it is well known that differences in the supply of P to phytoplankton result in widely differing internal P cell quota (Droop 1974 , Andersen 1997 . In contrast, metazoans show muted intra-specific variation (physiological homeostasis) but can differ substantially in C:N:P stoichiometry across taxa, major life stages, and sex (Andersen and Hessen 1991 , Hessen and Lyche 1991 , Markow et al. 1999 , Sterner and George 2000 . The small variation in consumer stoichiometry relative to that of the prey, and potentially large elemental imbalances between producers and consumers, have implications both for the growth of the consumer and for nutrient recycling in food webs (Sterner and Hessen 1994, Elser and Urabe 1999) . Consumers experiencing food with C:P or C:N ratios higher than what they demand will thus have low growth efficiencies for C, which eventually will lead to low consumer growth rate and biomass, and consequently also low grazing pressure on the autotrophs. High autotroph C:P or C:N ratios are therefore associated with slow turnover of primary producers and only a small percentage of the net primary production will be consumed by grazers in such systems (Cebrian et al. 1998 , Cebrian 1999 . Likewise, the N and P contents of detritus from terrestrial and aquatic autotrophs are positively related with the detrital decomposition rate (Enriquez et al. 1993) , indicating that the substrate quality (in terms of C:N:P) affects the activity of decomposers. The C:N:P stoichiometry of consumers and their resources thus affects both the structure and the function of food webs, and will eventually influence broad-scale processes such as global carbon cycles (Hessen et al. 2004) .
However, the mechanistic basis for the variation in stoichiometry of biota has not yet been fully explored (Falkowski et al. 2000) . Therefore, a number of questions need to be considered: What are C, N, and P used for in organisms? Why does C:N:P stoichiometry differ among organisms? What relationships are there between important life-history traits such as maximum growth rate and C:N:P stoichiometry? What connections are there between biochemical composition, C:N:P stoichiometry, and growth of organisms? To address these questions, we present some empirical data as well as theoretical considerations regarding the relationship between RNA content and growth rate, and two simple models that relate the stoichiometry of organisms to their biochemical composition and growth rate. Our main assertion is that all biota share a common core of cellular-molecular machinery required for growth, and that this machinery imposes inexorable constraints on the organisms' elemental composition. Stoichiometric imbalances between resources and consumers cause the growth rate to decline because organisms have fundamental elemental and biochemical demands for building their biosynthesis machinery. Consequently, the stoichiometry of production impinges on the performance of various individuals and populations of diverse species as well as on large-scale nutrient and carbon cycles. GROWTH RATE, RNA, AND C:N:P STOICHIOMETRY It has been proposed that variation in C:N:P stoichiometry in invertebrate metazoa is driven by differences in allocation to P-rich ribosomal RNA (rRNA) to meet the protein-synthesis demands associated with differences in characteristic specific growth rates of particular taxa and/or life stages (Hessen and Lyche 1991 , Elser et al. 1996 , 2000c . We'll refer to this set of ideas as the ''growth-rate hypothesis'' (GRH). Two important assumptions of the GRH are (1) that there is a positive relationship between rRNA concentration and specific growth rate, and (2) that the P in rRNA makes up a significant fraction of the total P in nonvertebrate organisms. In order to assess the validity of the GRH we need to consider these assumptions.
Ribosomes are the structures where both structural and enzymatic proteins are synthesized, and since proteins are the most abundant macromolecules in both prokaryotes and eukaryotes (Alberts et al. 1983) , the ribosomes constitute the core of the biosynthesis machinery in all cells. Ribosomes consist mainly of rRNA but also of structural proteins and are organized in a small sub-unit (30S or 40S), which decodes the genetic instructions brought to the ribosome by messenger RNA, and a large sub-unit (50S or 60S), which catalyzes the formation of peptide bonds between amino acids (Lafontaine and Tollervey 2001 [sub-units are classified and named after their size, as reflected by their sedimentation coefficient; ''S'' is a Svedberg unit, and 1S is equivalent to 1 ϫ 10
Ϫ13 sec]). Since protein synthesis rate to a large extent depends on the number of ribosomes rather than their efficiency (Nomura et al. 1984) , a high growth rate should be closely related to the protein production rate and to the amount of rRNA in a cell. Since rRNA makes up approximately 75-80% of the total RNA in most cells (Brandhorst and McConkey 1974, Campana and Schwartz 1981) , differences in cellular rRNA concentrations, and therefore also in the number of ribosomes per cell and protein synthesis capacity, should influence the total RNA concentration. Indeed, when data on growth rate are plotted as a function of total RNA per dry mass (DM) of organisms covering a wide range of diversity from bacteria to invertebrate metazoans, a positive interspecific relationship between RNA content and growth rate is obvious (Fig. 1A) . Furthermore, in groups for which there are data on several species, e.g., insects, crustaceans, eukaryotic microorganisms, and bacteria, there is also a positive relationship between RNA concentration and growth rate within each group (Fig. 1A) . RNA content varies with growth rate also on the intraspecific level, as exemplified by the cockroach (Blatella), the diatom Thalassiosira, and the bacterium Escherichia coli (Fig. 1B) . In addition to the data shown in Fig. 1 , similar relationships between RNA: DM, RNA:protein, or RNA:DNA with either growth rate or egg production rate have also been observed in STOICHIOMETRIC ECOLOGY
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FIG. 1. Relationships between specific growth rate and RNA content (mass:mass ratio) of bacteria, eukaryotic microorganisms, and invertebrates (log-log scale). (A) Mean growth rate and RNA content for each species. (B) Growth rate and RNA content of three selected species. The line fitted to the Escherichia coli data is based on the DEB (dynamic energy budget) model. Data are from Leick (1968) (protein is assumed to be 60% of dry mass [Alberts et al. 1983] ), Koch (1970) , Sutcliffe (1970 [and references therein] ), Dagg and Littlepage (1972) , Healey and Hendzel (1975) , Dortch (1983) , and T. Vrede (unpublished data). several other studies, including bacteria (Kato 1994) , crustaceans (McKee and Knowles 1987 , Saiz et al. 1998 , Wagner et al. 1998 , fish (Buckley 1984 , Mathers et al. 1993 , and mammals (Sutcliffe 1970) . Although it seems safe to conclude that fast-growing organisms generally have a higher rRNA content than slow-growing organisms, there remains some scatter in the RNA vs. growth rate relationship. This scatter can at least partly be a result of differences in temperature between the experiments since protein synthesis is a temperature-dependent process, which is reflected by increasing growth rate with increasing temperature at the same RNA content (Buckley 1984 , Saiz et al. 1998 , Wagner et al. 2001 .
The second key component of the GRH is that phosphorus in RNA represents a major component of total biomass P in the organism. RNA contains ϳ10% P by mass (depending to some extent on the proportion of C-G and A-U base pairs), which is high compared to most other biomolecules (Elser et al. 1996) . Since RNA is one of the most abundant and P-rich biomolecules, a large P allocation to RNA is expected, particularly in organisms with high growth rate (Elser et al. 1996) . As an extreme example, RNA can constitute as much as 30% of the dry mass in E. coli (Fig. 1B; Koch 1970) , which translates into 3% P per dry mass in RNA alone. The P:DM ratio of rapidly growing E. coli has been reported to be 4.4% (Fagerbakke et al. 1996) , which indicates that RNA actually is a major P fraction in this bacterium. Similarly, nucleic acids constitute the major pool of P in crustacean zooplankton species that have been examined (T. , Dobberfuhl 1999 , and since RNA:DNA ratios of crustaceans often are much higher than 1 (Saiz et al. 1998 , Wagner et al. 1998 , Gorokhova and Kyle 2002 , T. Vrede et al. 2002 , P in RNA accounts for a significant fraction of the total P. Indeed, while the amount of data was limited, Dobberfuhl (1999) reported a positive relationship between RNA P content and total P content in some crustacean zooplankton taxa with a slope of ϳ1. A similar relationship between RNA P and total P content has been observed in the herbivorous insect Sabinia setosa (Schade et al. 2003) . Together, these studies indicate that both intraspecific and interspecific variation in P content of animals can be explained by differences in allocation to RNA.
Thus, there is substantial empirical and theoretical support for the assumptions of the GRH regarding the positive relationship between rRNA concentration and specific growth rate, and that P in rRNA makes up a significant fraction of the total P in organisms. A high growth rate should thus be associated with a high P content. The positive interspecific relationship between growth rate and RNA concentration therefore suggests that important differences in life-history strategies should be reflected in organism P content. It is well known that bacteria, which in general have high growth rates, have very low C:P ratios, on average 50:1 (by atoms) for bacterioplankton (Fagerbakke et al. 1996) and 35:1 for exponentially growing non-nutrient-limited cultured marine bacteria (K. ). These C:P ratios are substantially lower than those of more slowly growing organisms such as the cladoceran Daphnia (C:P 85:1) or the very slow-growing copepod TOBIAS VREDE ET AL. Ecology, Vol. 85, No. 5 Acanthodiaptomus (C:P 212:1) (Andersen and Hessen 1991). In P-limited cultures of the cyanobacterium Anabaena and the green alga Scenedesmus, growth rate is correlated with both cellular RNA and P contents, and the increase in RNA can account for a large part of the increase in P (Healey and Hendzel 1975) . There are also data indicating increased P content among and within cladoceran species with increasing growth rate (Main et al. 1997 , DeMott et al. 1998 , Elser et al. 2000b . In sum, the GRH offers a promising avenue for further inquiry that might connect cellular-geneticbiochemical mechanisms to ecological ramifications in diverse biota (Elser et al. 2000c) . So, to better understand the fundamental nature of these connections we present two simple models of consumer and autotroph growth to examine the magnitude and nature of shifts in organism C:N:P ratios and growth rate that accompany major shifts in biochemical allocation patterns. But before doing so we will first take a closer look at the relationship between RNA content and specific growth rate of organisms within the more formal framework of dynamic energy budget (DEB) theory (Kooijman 2000).
THE RELATIONSHIP BETWEEN RNA AND SPECIFIC GROWTH RATE IN DEB CONTEXT
Whereas stoichiometric constraints on organism growth can be explicitly accounted for within the DEB (dynamic energy budget) theory (Kooijman et al. 2004 ), we will focus on the relationship between RNA and specific growth rate here. The simplest DEB model delineates two state variables in an organism: reserve and structure, which both are generalized compounds, i.e., mixtures of compounds that do not change in composition (the strong homeostasis assumption). The term ''reserve'' stands for compounds that will be used for metabolic purposes. Meanwhile, those compounds can have an active role in metabolism. The bulk of reserve and structure consists of lipids, carbohydrates, proteins, and nucleic acids, and any particular type of these compounds can belong to both reserve and structure. The only way to know the distribution between reserve and structure of each type of compound is to study changes in body composition as a function of growth rate, or during starvation. The higher the feeding rate, the larger the reserve density (i.e., the ratio of reserve and structure), the larger the growth rate. Thus, the observation that the RNA content increases with increasing specific growth rate ( Fig. 1 ) means that the RNA content of reserve must exceed that of structure. The rate of RNA turnover in the reserve is completely determined by the reserve turnover rate. For isomorphs (i.e., organisms that do not change in shape during growth), this turnover rate is inversely proportional to the volumetric length of the structure (i.e., the cubic root of structure's volume), whereas for V1-morphs (i.e., organisms that change in shape during growth such that their structure's surface area is proportional to their volume) the reserve turnover rate is constant. The structure-specific maintenance is constant in the DEB model. Part of the maintenance is used for the turnover of compounds in the structure, while structure has a constant composition. This means that each compound in the structure can have its own turnover rate. Since the bulk of RNA both in reserve and in structure most likely is ribosomal, and it can be assumed that all ribosomes have the same turnover rate, it is natural to assume that the turnover rate of structure's RNA equals that of reserve's RNA. From the perspective of each RNA molecule it then does not matter whether it belongs to reserve or to structure. We are now ready to study how RNA content changes with specific growth rate in more detail, which in the context of DEB theory directly relates to the variation of reserve relative to structure.
If we compare individuals of the same species and with the same body size, but at different food (substrate) concentrations, we expect higher reserve densities and thus higher RNA contents at higher food concentrations. In multicellulars, the food intake (which is proportional to the surface area of the organism) must balance or exceed the maintenance cost (which is proportional to structure's volume). Many multicellulars retain their shape during growth (i.e., they are isomorphs), and thus their volume increases more rapidly than their surface area. Consequently, as they become bigger, they will eventually reach an asymptotic body size where food intake balances maintenance costs. This is the asymptotic body size, and it depends on the food concentration. If we select a body size smaller than the asymptotic one for the lowest food concentration, we expect to find specific growth rates that increase with the food concentration. Therefore we also expect that the RNA content increases with the specific growth rate when animals of the same species and size experience different food concentrations. Also in unicellulars there is an increase in RNA content along with increasing growth rate. The fraction of dry mass that is RNA can be modeled as
where the mass of RNA, M R , is a fraction v of the dry mass of structure M V and a fraction e of the dry mass of the reserve M E ; Em is the maximum specific mass of the reserve, and f stands for the scaled functional response (which is 0 at no substrate and 1 at abundant substrate). Because unicellulars behave like V1-morphs almost irrespective of changes in shape during the cell cycle, it does not matter if we deal with a single individual or with many individuals (Kooijman 2000) , and we can therefore fit the model to data on growth rate and RNA content on the population level. A least squares fit of the model to the data of Koch (1970) on Escherichia coli (Fig. 1B) indicate that v ϭ 0.084,
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Special Feature e ϭ 0.61, and Em ϭ 2.98. Thus, RNA increases with specific growth rate, and most of the RNA is part of the reserves. In conclusion, within species of both multicellular and unicellular organisms, the RNA is expected to increase together with the specific growth rate with increasing food (substrate) concentration.
Another type of comparison is between individuals of the same multicellular species at the same food density, but at different body sizes. DEB theory delineates three basic life stages for multicellulars-embryo (which does not feed or reproduce), juvenile (which feeds, but does not reproduce), and adults. The reserve density, and therefore also the expected RNA content, is highest in the embryo stage, but constant in the juvenile and adult stages at constant food density. The specific growth rate, however, decreases with increasing size because a successively larger part of the reserves will be used for maintenance. Therefore we expect that RNA content is independent of the specific growth rate in juveniles and adults in this way of comparison. The empirical data for the cockroach Blatella (Fig. 1B) , however, indicate an increase in RNA content with increasing specific growth rate. This may indicate that the strong homeostasis assumption is not valid, but may also be an effect of behavioral changes during growth, such that larger body sizes experience higher food densities, and therefore increase their feeding rate, reserves, RNA content, and specific growth rate.
When we compare different species of unicellulars grown at abundant food (substrate) density, DEB theory predicts that the specific growth rate increases with the unicellulars' reserve capacity. The RNA content is therefore expected to increase with the specific growth rate among species. The predicted positive relationship between specific growth rate and RNA content can be seen among both prokaryotic and eukaryotic microorganisms (Fig. 1A) . At abundant food, the reserve density in multicellulars (which is constant in juveniles and adults of the same species) increases among species approximately with the volumetric length of the fullgrown adult. The maximum specific growth rate, which is expected to occur at a body size of 4/27 of the maximum size, is proportional to the inverse of the volumetric length of the full-grown adult. If we assume that the composition of reserve is independent of maximum body size, and that RNA is more abundant in reserve than in structure, we expect a negative relationship between mass-specific RNA content and maximum specific growth rate among multicellular species. This covariation of parameter values among species, and their relationship with maximum body size, rests on the idea that maximum body size reflects the balance between the maximum food intake, which is coupled to surface area, and maintenance, which is coupled to volume. Although data are limited for this comparison, this may explain why the relationship between specific growth rate and RNA content apparently is weaker among multicellular species than among microorganisms (Fig.  1A) .
In conclusion, DEB theory predicts that the RNA content of microrganisms increases with increasing specific growth rate both within and between species as well as with increasing food concentration. In multicellulars, on the other hand, we expect positive, negative, or no relationship between RNA content and specific growth rate, depending on what type of comparison we make.
A MODEL OF CONSUMER GROWTH AND C:N:P STOICHIOMETRY Another way of thinking about the relationship between RNA content and specific growth rate is to consider an organism's ribosomal RNA (rRNA) to be the protein-output machinery driving growth while the organism's protein biomass is the ''overhead'' that must be generated in order for the organism to grow at a balanced rate. Thus, the connections among growth and C:N:P stoichiometry will be mediated not only by RNA allocation but also by the organism's protein-allocation scheme. In such a scenario, increased protein allocation will tend to slow an organism's growth, as it represents a larger overhead that must be produced by the organism's rRNA catalytic capacity. In the following we summarize the formulation and predictions of a simple model of organism growth that uses basic information on relative allocation to major biochemical pools to predict organism growth and C:N:P stoichiometry from cellular ''first principles'' (Dobberfuhl 1999 ).
In the model, only pools of biomolecules that contain significant amounts of C, N, or P are considered; these include nucleic acids, proteins, chitin, adenylates (e.g., ATP [adenosine triphosphate]), phospholipids, triglycerides, and carbohydrates. These biomolecules comprise nearly all of the dry mass of cells so inclusion of any remaining biomolecules should not substantially alter calculated C, N, or P contents. DNA, chitin, adenylates, and phospholipids are fixed at characteristic values, as these pools are generally smaller and less variable than other N-or P-containing biomolecules (Elser et al. 1996, Sterner and Elser 2002) . In contrast, protein and RNA contents are more variable and present in sufficient quantities that they could contribute most of the variation in N and P content within and among taxa (Båmstedt 1986 , Sterner and Hessen 1994 , Elser et al. 1996 , Sterner and Elser 2002 . Similarly, triglycerides and carbohydrates can vary widely as a function of ontogenetic stage and nutritional condition and can alter animal C content both within and among taxa (Elendt 1989, Sterner and Elser 2002) . Therefore, each hypothetical organism contained basal allocations of DNA, chitin, adenylates, and phospholipids (all allocations are expressed as percentage of dry mass (DM)). Next, allocations of protein and RNA are assigned representing different life-history strategies so that protein varied from 30% to 70% (Skjoldal 1981 1987) . The rest of the organism's dry mass not allocated to the preceding biomolecules was allocated to a storage pool with a mixture of 30% triglycerides and 70% carbohydrates (Elendt 1989 ). This storage pool was not allowed to fall below 15% of DM, which is typical of well-fed daphnids (Elendt 1989) . Thus, hypothetical organisms were constructed from the major biomolecules from which elemental contents (%C, %N, and %P per DM), N:P ratio, and growth capacity were calculated. For our purposes, ''growth capacity'' refers to an animal's maximum growth rate under resource-saturated conditions. Assuming balanced growth among all biochemical pools, growth capacity for various combinations of protein allocation T and RNA allocation R was calculated as
where is the specific growth rate of the protein pool, F is the fractional mass allocation of rRNA to total RNA, and t is time (parameter values appear in Table 1 ). The coefficient ␣ in the equation above is given by
where k s is the protein synthesis rate per ribosome, M r is the mass of rRNA in individual ribosomes, and r is the protein retention efficiency (net protein biomass increment/total protein production). Elemental content for any allocation pattern of protein and RNA was calculated as
where subscripts T, R, B, and G indicate fractional mass allocation of protein, RNA, fixed basal pools, and lipid/ carbohydrate, respectively, and C, N, and P indicate STOICHIOMETRIC ECOLOGY
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FIG. 2. Predictions of the RNA : protein model for (A) percentage of C per dry mass, (B) percentage of N per dry mass, (C) percentage of P per dry mass, and (D) body N:
P ratio (atomic) as a function of specific growth capacity of a hypothetical metazoan consumer. The curves show the relationships between elemental composition and growth capacity at altered RNA allocations (R ϭ 1-20% of dry mass) and at various fixed protein allocations (T ϭ 30-70% of dry mass). The 60% and 70% protein curves are truncated since simultaneously high protein and RNA allocations would exceed 100% of dry mass. the carbon, nitrogen and phosphorus content of these classes of molecules.
The model makes several predictions regarding how elemental contents (%C, %N, %P) should vary with changes in biochemical allocations associated with different life-history strategies. At a given protein allocation, %C will tend to decrease slightly as growth rate increases ( Fig. 2A) , though these changes are small relative to total body C content and may not be biologically meaningful. Similarly, N content at a fixed protein allocation is predicted to increase slightly with increasing growth rate (Fig. 2B) , reflecting the similarity in % N of major biomolecules (protein and RNA) that vary in the model. Also note from this figure that increased protein allocation at a given level of RNA allocation lowers growth capacity. In contrast to predictions of small changes in C and N contents, the model predicts that %P should increase strongly with increasing growth capacity for all levels of protein allocation (Fig. 2C) , reflecting the key role of P-rich RNA in the growth process. Therefore, body N:P ratio should decrease with increasing growth capacity (Fig. 2D) . Furthermore, the model predicts that body N:P should not only be generally higher at low growth capacities, but also more variable. Thus, there appear to be many ways (biochemically and thus in terms of elemental composition) to grow slowly but only a limited set of ways to grow rapidly. These patterns tell us that there is a specific pattern of coupling of C, N, and P during secondary production. Specifically, the process of animal production becomes increasingly P intensive as the specific rate of production increases.
To test the predictions that as growth rate increases %N should increase slightly, %P should increase substantially, while the N:P ratio should decline, we used data from Main et al. (1997 ), Carillo et al. (2001 and DeMott (1998) , who measured elemental contents and growth rates of crustacean zooplankton species. Model prediction curves were generated for organisms with 30% and 50% protein allocation, values bracketing literature values for cladoceran species (McKee and Knowles 1987, Berberovic 1991) and fixed basal allocation at values typical of crustaceans (Mayzaud and Martin 1975 , Skjoldal and Båmstedt 1977 , Skjoldal 1981 , Elendt 1989 , Dittrich 1991 , Jeuniaux and VossFoucart 1991 . These curves essentially form a prediction envelope within which the empirical data are expected to lie if the model is quantitatively accurate. It is apparent that the model predicts both growth rate and elemental composition for the cladocerans and the copepodites and adult copepods reasonably well (Fig.  3) . The %N of the cladocerans and the copepodites and adult copepods increased slightly (Fig. 3A) , while %P increased more strongly (Fig. 3B) , with increasing TOBIAS VREDE ET AL. Ecology, Vol. 85, No. 5 FIG. 3 . Observed and predicted relationships between elemental composition and specific growth rate in crustacean zooplankton species: (A) percentage of N per dry mass in relation to specific growth rate; (B) percentage of P per dry mass in relation to specific growth rate; and (C) body N:P ratio (atomic) in relation to specific growth rate. Solid and dashed lines indicate predicted values of elemental composition and growth rate for 30% and 50% protein allocation, respectively. growth rate. Body N:P ratio also followed the predicted relationship, decreasing and becoming less variable with increasing growth capacity (Fig. 3C) . On the other hand, the model did not fit to the data on the copepod nauplii very well. Although both %P and in particular %N are lower than the model predictions, there is an increase in both parameters with increasing growth rate as predicted by the model, and the general trend across all life stages is a decreasing N:P ratio as predicted by the model. The low N and P content of the nauplii may be explained by the complex life cycle of the copepods, which includes the metamorphosis from nauplius larva to copepodite and that may have, as a consequence, significantly altered constraints on the biochemical composition. One of the assumptions in the model is that the growth is balanced, i.e., the macromolecular composition does not change over time. This assumption is not valid if the allocation to proteins and/or carbohydrates and lipids varies in a systematic way during the life cycle. It should also be noted that model predictions were not the result of calibration to values of any particular zooplankton species, suggesting that incorporating species-or stage-specific values for model parameters would increase the accuracy and predictive capacity of the model.
These results also suggest that hypothetical organisms can be assembled from biochemical building blocks to match and predict measured properties of real organisms. Starting with a small number of biomolecules containing C, N, and P, we constructed chemically and biologically realistic ''organisms'' that grew at biologically accurate rates and had elemental content consistent with real organisms. Note that the model should also hold for non-metazoans, such as bacteria, algae, and vascular plant tissue under conditions in which luxury uptake and storage of nutrient elements is not occurring. Thus, these results indicate that the relative allocations to protein and RNA are important parameters in determining the elemental content (especially %P) and growth capacity of an organism and therefore in influencing the role and success of an animal in an ecosystem context due to the influence of body elemental composition on trophic dynamics and nutrient recycling.
Note however that the model involves two assumptions about the kinetics of growth that may influence the degree to which such strong associations as we show are generally observed. First, the percentage of synthesized protein retained as new biomass, r, may vary (Hawkins et al. 1986 , Sugden and Fuller 1991 , McCarthy et al. 1994 and in fact such changes may be important in maintaining balanced growth in which protein biomass accrues at the same rate as other biochemical pools. Second, while the maximum rate of amino-acid polymerization, k s , by a ribosome is a characteristic largely determined by the physical chemistry of ribosome and tRNA (transfer RNA) interactions, the realized rate of protein synthesis per ribosome may STOICHIOMETRIC ECOLOGY Special Feature vary for different species, nutritional conditions, ontogeny, or tissue types (Jensen and Pedersen 1990) . This implies that if in fact mineral P shortages are a common constraint on rapid-growth-rate species (Sterner and Hessen 1994, Sterner and Elser 2002) , natural selection might act to increase protein synthesis rate per ribosome (and thus per unit P required) to maintain a given growth rate while minimizing allocation to P-rich rRNA. Altering the amino-acid polymerization rate per ribosome can change growth capacity without affecting elemental contents. Thus, there may be some latitude to adjust growth capacity without changing elemental content. This could in part, explain some degree of the scatter seen in the relationships between growth rate and %P and N:P ratio (Fig. 3 ).
THE C:N STOICHIOMETRY OF AUTOTROPH PRODUCTION-RUBISCO AND CARBOHYDRATES
The RNA-protein model described above was designed to elucidate the coupling between growth and C:N:P stoichiometry in animals assuming that the primary biochemical pools of interest were rRNA and protein. The apparent success of this approach in illuminating the stoichiometric coupling of C, N, and P in metazoa suggests that a similar conceptual approach might be useful in understanding how growth and C:N:P are connected in autotrophs due to the core biochemistry associated with primary production. In the above example for metazoans, we considered rRNA as the ''productive machinery'' of growth and protein as the cellular overhead that must be produced to attain a certain growth rate. While C:N:P stoichiometry is also likely associated with the RNA-related mechanics of growth in autotrophs (Rhee 1973, Elrifi and Turpin 1985) as just mentioned, another important focus of analysis for autotrophic organisms would be on carbohydrate dynamics. In the following we adapt the approach just described to illuminate C:N stoichiometry in autotrophs. Now, the biomass ''overhead'' is carbohydrate allocation and the ''productive machinery'' is photosynthesis investment. To represent the latter, we will use allocation to ribulose bisphosphate carboxylase (rubisco), the enzyme that drives the dark reactions of photosynthesis. Rubisco represents a dominant pool of N in autotroph biomass and thus is perhaps the most abundant protein on Earth. For example, rubisco can comprise as much as 60% of leaf protein (Groot and Spiertz 1991) and can contain 75% of leaf N (Stocking and Ongun 1962) . These contributions underlie the well-known association between autotroph photosynthesis capacity and biomass N content (Marshall and Porter 1991). Thus, rubisco N is considered to be a dominant but variable pool of N in an autotroph. In this analysis our goal is to consider how allocations to carbohydrates (as when terrestrial plants must allocate to cellulose for structural support) and to rubisco jointly affect potential growth of autotroph biomass and its C:N stoichiometry. Since biomass C:N is closely connected to ''nitrogen-use efficiency'' (Vitousek 1982) , in doing so we can illustrate some of the biochemical mechanisms underlying a major determinant of N cycling in ecosystems.
At the outset we note that this approach is not likely to be strictly accurate, or least precisely analogous to the analysis performed above for rRNA and protein, as the carbohydrate output of photosynthesis is not deployed solely as carbohydrate or carbohydrate polymers. Instead, a considerable amount of the output must also be shunted into biosynthesis pathways for synthesis of other macromolecules, such as lipids, proteins, and nucleic acids. Thus, we would expect that the approach will overestimate growth rate relative to observed values. Nevertheless, the analysis may be heuristic in illustrating how major allocation patterns have ramifications for growth and elemental composition.
We constructed the model by first establishing a ''core biochemistry'' of autotroph biomass made up of reasonable mixtures of carbohydrate (30% of the core), protein (35%), nucleic acid (6%), ATP (0.75%), phospholipid (12%), and neutral lipid (16%). Thus, the ''core stoichiometry'' of autotroph biomass has a C:N:P of 113:14:1. As in the RNA-protein model described above, ''model autotrophs'' were then constructed having a given value of allocation to carbohydrate (ranging from 10 to 85%) in combination with an allocation to rubisco (ranging from 2.5 to 60%) (Groot and Spiertz 1991, Falkowski and Raven 1997) . In no case was the core stoichiometry allowed to have a share of less than 5% of total biomass, and for carbohydrate-rubisco combinations for which their summed allocations were less than 95%, the remainder of the biomass was assumed to be comprised of biomass having the core stoichiometry described earlier. For each combination of allocations to carbohydrate, rubisco, and core stoichiometry, the C:N of the biomass was calculated based on the relative allocations and the known elemental combination of the biomolecules involved. Finally, the maximum specific growth rate of the carbohydrate pool was calculated following the strategy described above for the rRNA-protein model. To do so, allocations were converted to actual biomass values and the actual biomass of rubisco enzyme was calculated. Then, the gross rate of photosynthetic carbohydrate production was calculated using a known value for photosynthetic output of rubisco enzymes (60 mol CO 2 ·mol Ϫ1 enzyme·s Ϫ1 ; Falkowski and Raven 1997), corrected for a respiratory loss of 30%, which is typical for respiration of recently fixed carbon (Ryle 1984) . Potential specific growth rate ( p ) of the carbohydrate biomass was calculated based on this rate of production relative to the total carbohydrate present:
where C I is the initial carbohydrate present (the variable allocation plus the carbohydrate in the ''core''), C N is the net carbohydrate produced according to the partic-TOBIAS VREDE ET AL. Ecology, Vol. 85, No. 5 FIG. 4 . Predictions of the carbohydrate : rubisco model about biomass C:N ratio (atomic) and specific growth rate in a hypothetical phototroph. Curves representing fixed allocation levels to carbohydrate (ranging from 10% to 85%) are shown. For a fixed carbohydrate allocation level, growth rate increases as rubisco allocation increases from 2.5% to 65%. Some curves are truncated because of the limitation that combined rubisco plus carbohydrate allocations could not exceed 95%. (A) Potential growth rate of the carbohydrate biomass ( p ) assuming 30% respiratory losses. (B) Potential growth rate of the biomass () assuming balanced growth (no change in relative allocation to different biomolecules) and respiratory loss of 50%. ular rubisco allocation, and t is the time interval assumed. Once biomass C:N and growth rate were calculated for each feasible combination of carbohydrate and rubisco allocations, C:N was plotted against growth rate for different values of rubisco allocation holding carbohydrate allocation constant.
The model reveals trends similar to those resulting from the RNA-protein model discussed above, namely that biomass C:N ratio decreases (N content increases) with increasing growth rate (Fig. 4A ). Rapidly growing biomass had uniformly low C:N ratio, which increased as growth rate declined for lower allocation values to rubisco. In general, the slope of the increase in C:N with decreasing growth was greater for high than low carbohydrate allocations, reflecting the fact that when rubisco and carbohydrate allocations were both low, the remainder of the biomass was attributed to the ''core,'' which had low C:N. Another instructive point emerging from Fig. 4A is that autotrophs with low total allocation to carbohydrate can exhibit a wide range in p while autotrophs with major allocation to carbohydrate do not have such flexibility and have a relatively low maximum p . The model also suggests that slowly growing autotroph biomass can have highly variable C:N, similar to the RNA-protein model in which slowly growing animals exhibited a wide range of N:P values (Fig. 2D) .
Relative to observed variation in autotroph C:N and growth rate, the model is of mixed performance. Actual values of biomass C:N in freshwater seston (presumably algae dominated) in nature range from 5 to 20 with a mean of 10 while values for terrestrial foliage range from 5 to 90 with a mean of 36 (Elser et al. 2000a ), values that are not unreasonable relative to predicted values shown in Fig. 4A . Thus, the assumed combination of biochemical allocations employed in the model seem appropriate in that they result in reasonable values of biomass C:N when their elemental contents are summed. In combination with the observations in Elser et al. (2000a) , these calculations indicate that the average leaf in nature must not have an allocation to rubisco of more than ϳ10%, as the resulting C:N of such an allocation is 36 (assuming conservatively that all non-rubisco biomass is carbohydrate). Such knowledge may assist in constraining ecosystem models that couple C and N dynamics. However, as expected, the model considerably overestimates growth rate, as real growth rates of autotroph biomass generally range from 0.01 to 2.0 d Ϫ1 (Nielsen et al. 1996) but the model predicted values exceeding 5 d Ϫ1 for combinations with high rubisco and low carbohydrate allocations. As mentioned above this mismatch is not unexpected, given that p is unlikely to be closely related to overall because recently fixed C must be allocated to pathways other than carbohydrate accumulation. This allocation to other pathways will also inevitably cause larger respiration losses. The 30% respiratory losses that were used in the model are typical for the short-term respiration of recently fixed C in higher plants, while the total respiratory losses may be 50% or even higher in the longer term (Ryle 1984 ). An alternative way of calculating growth rate and C:N stoichiometry is to use a respiratory loss of 50% at the same time as the constraint that the growth is balanced is included in the model (previously the increment in biomass consisted only of STOICHIOMETRIC ECOLOGY Special Feature carbohydrates). A growth rate calculated in that way should resemble the autotrophs' overall growth rate rather than the carbohydrate growth rate, and thus be more comparable to empirical data, although it still does not account for the changes in RNA concentrations (and %P) that should also be linked with growth rate. The resulting output of the model resembles the previous results, but with the difference that the calculated growth rates are substantially lower for any given C:N ratio (Fig. 4B) . Even though the convergence at low C:N at high growth rates is less pronounced in the modified model, it is evident that there is room for only modest variation in C:N stoichiometry at high growth rates. Compared with the data of Nielsen et al. (1996) , the modified model approaches the observed range in growth rates of autotrophs. Regardless of specific aspects related to the quantitative fit of the model to observed values, we argue that the most important message from the model is its qualitative predictions: generally decreasing C:N with increasing growth rate along with wide variation in C:N at low growth but tightly constrained C:N when specific growth rates are rapid.
RELEVANCE OF THE C:N:P STOICHIOMETRY OF PRODUCTION IN RELATION TO CARBON SEQUESTRATION
The RNA-protein and rubisco-carbohydrate models above are admittedly simplistic with much cellularmolecular realism missing, and more sophisticated models connecting nutrient use to biochemical allocation, productivity, and growth do exist (e.g., Shuter 1979 , Geider et al. 1998 , Kooijman 2000 , Hanegraaf and Muller 2001 . However, we believe that the simplicity of the models presented above enhances their heuristic value. Together, these models suggest the existence of fundamental constraints on C:N:P stoichiometry and growth rate that are established by the allocation scheme of major biomolecules. For example, there seem to be many biochemical allocation patterns and stoichiometric relationships that allow slow growth, whereas there is only a limited set of stoichiometric and biochemical allocation patterns that permit rapid growth. Empirical evidence reviewed above, as well as the model predictions, show that strong interdependencies exist among organism growth strategy, biochemical investment, and biomass elemental composition. Thus, rapid growth requires that there is a good match between resource and consumer stoichiometry. In terms of C:P ratios in plants and herbivores, a close match is apparently not the general rule, neither in aquatic nor in terrestrial habitats, suggesting that stoichiometric constraints on herbivore growth are common (Elser et al. 2000a) .
These interdependencies represent fundamental constraints on evolutionary and ecological dynamics driven by the biochemical requirements of the cellular machinery required for contrasting life strategies. One example of a situation where we suggest these constraints are important is when the nutrient availability for autotrophs is changed, due to either natural or anthropogenic environmental changes. Environmental nutrient supply affects the nutrient content and biochemical composition and growth rate of the autotrophs. Nutrient-limited autotrophs can thus produce new biomass with very high C:N and C:P ratios, albeit slowly. Due to the limited ability of herbivores to adjust their stoichiometry, there is a trade-off between growth rate and P demand in herbivores. Therefore, increasing autotroph C:nutrient ratios will likely result in herbivore species shifts from ''r-strategists'' with high P demand and high growth rates to ''K-strategists'' with low P demand and low growth rates, and the herbivore community will become characterized by low herbivore growth rates and biomass, and low community grazing rates. Also, higher trophic levels will be negatively affected by the inefficient transfer of organic matter across the autotroph-herbivore interface. In such a scenario, a large fraction of the primary production is expected to become especially nutrient-poor detritus. Furthermore, detritus with high C:nutrient ratios will be degraded slowly by microbes with their own potentially high nutrient demands associated with their protein-synthesis machinery, decelerating nutrient recycling rates and eventually affecting the C sequestration rate. Thus, the stoichiometric constraints on organism biochemical composition and growth reviewed above have important consequences also at large scales: they influence the structure and function throughout food webs and alter carbon fluxes in ecosystems or even globally (Cebrian 1999 , Hessen et al. 2004 . Focus on organism C:N:P stoichiometry can thus mechanistically connect growth strategy and biochemical and cellular mechanisms of biota to major ecological consequences. Success in making these connections may be closer than is generally believed. What will be required are innovative interactions among ecologists, evolutionary biologists, physiologists, and cell biologists. Furthermore, the models suggest inexorable connections between the very chemistry of life at the biochemical level and the fate of organic matter in the biosphere. A stoichiometric perspective can be a powerful tool for forging those connections. 
